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ABSTRACT 

An investiagtion of uniaxial creep in simple synthetic composites 
of polyethylene and polypropylene was made to determine the parametric 
behavior and interrelation of each component by varying the relative 
volume and interfacial contact area. A mathematical model was devel- 
oped and used to predict the experimental behavior which was deter- 
mined by least squares fitting of the data. A digital computer was 
used in the analysis and good correlation between the experimental 
measurements and theoretical predictions was obtained. Included is 
a report of the design and construction of equipment for theoretically 


meaningful viscoelastic measurements. 
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1. Introduction 

The rapid expansion of today's advanced technology is evidenced in 
the literature by the large number of publications related to the design, 
fabrication, testing and usage of composite materials. The use of com- 
posites as a structural material is not new but the related technology 
is just now beginning to grow. Almost all of the experimental work on 
the properties of composites has been performed in direct response to 
the immediate technological needs. As a result, very little basic 
research has been reported. 

One of the definite voids in the knowledge of the behavior of com- 
posite materials is that which is associated with its visoelastic 
properties. [5, jie 1b | * This viscoelastic behavior is evidenced in 
the creep and stress relaxation mechanisms of the composite and needs to 
be related to the interaction between the basic components of the 
composite. 

The primary purpose of this study was to imyestisate the constant 
load creep behavior of a simple synthetic composite of known structure. 
Measurements were obtained at a temperature of 23#1 degree C and a 
relative humidity of 50 * 2 % in accordance with ASTM Standards. [15] 
A comparison of the behavior of the variously constructed composites 
with that of the parent materials was attempted by least squares fit- 
ting of the data using standard digital computer techniques and graph- 
ical analysis. 

Appendix C is a report of the design and establishment of a Lab- 


oratory for the purpose of making these measurements. 


“Numbers in brackets refer to Articles in the Bibliography. 


ak 


Where 
T = WVE; 


initial stress. 


ff 
l 


SA 
Ht 


Simplifying the system further by letting n = 1; 


E = Et B [1 - ee(-$)] + a ~ 


The single element Voigt Model or a suitable modification thereof 
can easily be used to describe the creep behavior of a material in 
response to a given initial stress G, by superposition of the linear 
terms in stress and time. Marin [ 13] has extended these simple re- 
lations to provide implicitly for a variety of stress levels and has 
shown that these relations can be fitted to the actual response of 
many metallic and polymeric materials. Of various suggestions, the 
following generalized equation of Marin and Pao [22] seems to have 
the simplest form and follows the superposition principle quite 


€ = + Ko"[1- exp(-Pt) +Bo' t, 


readily: 


Figure 9 shows how this equation appears using the superposition 
principle for one given stress level. Figure 10 is a family of creep 
curves constructed using Marin's equation for five different stress 
levels. Such a family has been shown to depict the viscoelastic 
behavior of a simple polymer quite well. 

In addition to its application to the structure for a given 
stress level, we can apply the above principles to the Generalized 


Maxwell Model of m elements and obtain an equation which describes 


avn 


the constant strain behavior (stress relaxation) of a material. The 


following equation may be obtained: 


@=€ » E. exp(-%) 
(24 


A complete solution of these systems is found in reference [10 ] : 


15 
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Generalized Constant Temperature 
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. Statement of the problem. 

The purpose of this study was to investigate the creep behavior of 
two polymeric materials which were mechanically laminated into a com- 
posite structure readily described by simple numbers. A series of 
constant load machines were used for load application. Linear high 
density polyethylene and isotactic polypropylene were chosen as the 
basic materials. Both materials are readily available commercially 
and both have known composition. Each crseps to a relatively large 
extent at room temperature using low stresses. Both are crystalline 
to some degree and their structures may well vary with extension. This 
property is one which will allow further study of the molecular mech- 
anisms involved. The possible extension of this work is an additional 
reason for the choice of these particular materials. 

The creep measurements were relatively short time tests with an 
average elapsed time of 100 hours. The variables studied were relative 
cross-sectional area and the effect of interfacial bonding between the 
laminates at various stress levels. The data obtained were compiled 
and fitted to a simplified mathematical model of creep (after Marin) as 
described above. From this fitted equation, the parameters E, K, n, m, 
P and B were obtained for each composite and a direct comparison was 
made. 

It was necessary for this study to establish a suitable laboratory 
for the measurement of creep. This required the installation of tem- 
perature and humidity control equipment of sufficient size to maintain 
the temperature and relative humidity throughout the laboratory. Also, 
Since the obtaining of data is a tedius and time consuming process, a 
method of recording the data for many units was devised. This equip- 


ment 1s described in Appendix C. 
fal 


5. The Experiment. 

Specimens of linear high density polyethylene and isotactic poly- 
propylene were made with the dimensions of Figure 11. The extruded 
sheet material was cut into random rectangles oriented parallel, per- 
pendicular and diagonally to the extrusion direction. These specimens 
were marked according to location and orientation in the sheet and used 
in groups for creep measurements. Preliminary experimental work used 
the phosphor bronze clip extensometers described in Appendix GC, but 
the data reported here was obtained using Tripolitis type extensometers. 
(See Figs. 12 and 13.) The gauge length for all specimens was two 
inches and the extensometer could be accurately read to * 0.0002 inches. 
Readings of the data were taken at 2, 5, 10, 15, 20, 25, and 30 seconds 
total elapsed time, thence varying intervals from 10 seconds to 5 
minutes in the first 15 minutes, 5 minutes to 15 minutes in the next 30 
minutes and 15 minutes to 30 minutes to approximately hours. Various 
additional readings were taken to sufficiently determine the extension 
over a range of 90 to 150 hours total elapsed time. An average of )0 
data points were taken on the low stress runs and 60 data points on the 
high stress runs. An example of the data is enclosed in the test pro- 
gram found in Appendix B. 

The temperature was maintained at 23 + 0.8 degrees C throughout 
the experiment. It is noted that this degree of temperature control 
was barely adequate for these materials at low stress levels due to 
the high coefficient of thermal expansion. The relative humidity was 
not critical due to the nature of the materials but was maintained 
within the range 8 to 60 %. 

Constant load Creep machines (See Appendix C.) with calibrated 


lever type loading arms and either universal joints or ball and socket 
a2 


joints above and below the specimen to eliminate any possible torsion 
or bending of the specimen were utilized. 

Initially, many measurements of the creep of single material poly- 
ethylene or polypropylene were obtained. The statistical spread of the 
data was determined to be due largely to the inhomogeneity of the 
material, and these errors such as measurement errors, errors due to 
temperature and relative humidity fluctuations androundoff errors in 
compiling and processing the data were masked by the statistical 
spread. 

The next series of tests were carried out on two single layers 
of polyethylene and polypropylene clamped together in parallel with 
80 mesh abrasive uniformly spread throughout the interfacial area. 
These clamps, shown in Figure 1h, were placed outside the gauge length 
to insure the uniform extension of the material between the clamps. 
Periodic tightening of these outside clamps prevented any relative 
motion or slippage between the layers. Further tests in this series 
were made using two polyethylene and one polypropylene or two poly~ 
propylene and one polyethylene layers clamped in parallel as in the 
previous case. 

The second series of tests was run on singly layered polyethylene 
and polypropylene composites using the previously mentioned outside 
clamps and auxiliary clamps within the gauge length (See Figs. 1h and 
15.) to ensure that contact existed between the materials used. The 
auxiliary clamps within the gauge length were attached in such a way 
that only a line of contact was made between the clamp and the speci- 
men, thereby eliminating any restraint on the individual fibers of 


the material except at the line of contact. The imbedded 80 mesh 


= 


abrasive served to increase the interfacial contact at points in the 
vicinity of the clamps by a pinning action. A series of 1, 2, 3, and 

h of these auxiliary clamps were used on the two layer composites at 
different stress levels to determine the effect of an interface and 
any shear stresses between the laminates. (See Fig. 16.) All runs 
were made at initial stresses of 500, 750, 1000, 1250, 1500 and 1750 
psi. These particular stress levels were chosen since polyethylene 
enters the tertiary creep region above 1750 psi. Polyethylene does -not 
enber this region until above 3000 psi but no correlation of the creep 
due to the polyethylene component is possible at stresses of this 


magnitude. 
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6. Analysis of the data. 

Creep data in the form of elongation AL versus time were obtained 
for all composite specimens studied. The data were punched on cards 
and placed in the digital computer via the first program in Appendix B. 
The output of this program included the input data, the calculated 
stress, the fraction of each component of the specimen, and the para- 
meters A. (i = 1,2,3,4.) of the equation: 


AL=A_ + A,(1 - exp(-A,t)) +A t 


1 y 


for which the parameters A. correspond with those of Marin's equation: 
e= 4 (£4 ko" (1- exp(-Pt)) + Bot). 

Also included was the difference or error between the fitted equation 

and the input data points and an estimate of the error in the para- 

meters A. Appendix A contains a tabulated compilation of the para- 

meters A; for all of the specimens investigated. 

The second computer program in Appendix B served to compare the 
input data with the fitted parameters. It was also a very good method 
of checking the accuracy of the punched data since any gross errors 
could easily be picked up. Figure 17 is a sample of the output. All 
data points cannot be shown here since the program used to draw the 
graph is limited to 30 data points. The continuous curves are drawn 
using the fitted parameters found by least squaring the data. Al- 
though an exact fit is not obtained, the fit is close enough to obtain 
sufficient information to make a comparison of the effect of relative 
cross-sectional areas and interfacial contact between the laminates. 

Plots of A, through A, versus stress for single unlayered poly- 
ethylene and polypropylene specimens are seen in Figures 18 through 21. 


Note the statistical spread of data, especially for A, versus stress. 
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Figures 22 through 25 serve as a comparison of the parameters A, for 
a simple composite of 50 % polyethylene and 50 % polypropylene. The 
only clamped areas were outside the gauge length. In addition to 
these points for the composites, curves for 100 % polyethylene and 
100 % polypropylene are included. 

From Figure 2) it is apparent that the elastic term of Marin's 


equation (0 /E = A_L, ) is not linear in stress. Figure 26 is a log- 


1 
log plot of A, versus stress for simple polyethylene and simple poly- 
propylene specimens. The slope is 1.3, indicating that the elastic 
deformation is in fact dependent on stress to the 1.3 power. Many 
other materials posses similar nonlinearity and this result is not 
surprising. Similiarly, a log-log plot of A, 
seen in Figures 27 and 28 respectively. The slope of the graphs are 


and all versus stress are 


2.0 and corresponds to the value of n and m in the equalities (A, = (1/1, ) 
(Ko")) and (Ay, = (1/L,) (Be")). These same values of n and m were also 
obtained from the data on the composite structures. The term Az; which 
corresponds to a relaxation time constant, is apparently independent 

of stress. However, the time scale needed for creep measurements makes 

it difficult to determine such relaxation time constants accurately.. 

The magnitude of the fitted parameter was found to be 1.5 hr.7! for 
polyethylene and 0.8 hr.71 for polypropylene. 

Figures 29 through 32 are similar graphs of the parameters A. versus 
stress for triply layered composite specimens. Those composites labeled 
PE/PP/PE were 67 % polyethylene and 33 % polypropylene and those labeled 
PP/PE/PP were 67 % polypropylene and 33 % polyethylene. Note the effect 
of increasing the relative volume (cross-sectional area) of one component 


relative to the other component. A, appears linear with volume for all 


ae 


stress levels but A, and a are nonlinear. 


This nonlinear response is consistent with the mathematical model 


of the composite. Assuming that Marin's equation: 
2 
c= f+ ke? [1- exp(-Ptl] +Ba?t 


adequately describes the behavior of these composites and that each 
component carrys its share of the load dependent only on its fractional 
cross-section, then the following analysis can be used. ~ 
Letting a and b denote the relative fraction of component A and B 

and using subscripts a, b, and ab to identify component A, B, or the 
composite AB, an appropriate stress analysis of the composite yields 
Equations 1, 2 and 3. 

(1) atbe=l 

(2) d +6", or €,-& =E, 

(3) ag, + BG = 6, . 


for time t = O in which only the elastic component has a value, 


E ob ye = a 7 ~ 


ab a 
E 
Cie (—2 ) Tan and -(n) oa 
E b E 
ab a 


Combining these equations with Equation 3, one gets Equation l. 

(4) aB, + bE = E., 
Equation indicates that the elastic deformation for a composite 
(term E of the viscoelastic equation) should follow a simple addition 
law. Figure 36 is a plot of observed values for this term versus frac- 


tion of polyethylene in the composite, and shows substantial agreement 


between this theoretical deduction and observed experimental values. 
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Similarly, for coefficients K and B of the viscoelastic equation, 
at time t= o/h. the term (1 = exp( -Pt)) is substantially wity, and 
the term BG“t is small. Then 


a 


: 2 
E ET KO. 


Cc) 
oO 


Ene tb «x 6° 
ba D 


Gab 2 
meow” + Sab 9 ape 
ab 


Using Equations 1 and 2 again, one gets 


2 2 | 6 
ft = 2 | cee : ra | 
a 5 E 
ab a 


2 2 
KG =K 6 + [Ge - Go] 
E 


b b Sips ab E 
ab b 
from which 
K a K 1 
6 6 
O25 ab and @ = ( | 
a ¥ O b K O 
a db 


Again applying Equation 3, one obtains 
K 1 K L. a, 
a ab @o + Dd = ay . “2 = CO 
K ab K ab K ab 


which is simplified into Equation 5. 


®@ o(e)" + »(2)° “(4)” 


ow 


Equation 5 indicates that the reciprocal of the square root of co- 
efficient K for the composite should be an addition of volume fraction 
of its components. Figure 37 is a plot of this item versus volume 
fraction polyethylene. It verifies this theoretical deduction. 

A similar analysis for coefficient B of the viscoelastic equation 
indicates that for time much greater than o/h. Equation 6 can be 


obtained. 


(6) “(5 )* ; »(&)* -(5)* ‘ 


This deduction is verified by experimental values in Figure 38. The 
excellent agreement between experiment and deductions based on the vis- 
coelastic equation indicate that these composites do behave as the 
mathematical model predicts. 

The relaxation time parameter ae (P of the equation) is not so 
easily checked. However, similar mathematical manipulations starting 


= 2€ 


with the relation € + € 
a ab 


b will yield for finite time 1; 


(1 = exp(-P,t)) + (1 = exp(-P,t)) = 2(1 - exp(-P,,t)). 


Expanding the exponential terms in a Taylor's Series and truncating 
the series after the second term, Equation 7 is obtained. 

(7) P, = fa * Fb 

le) a In 

Therefore, the composite's relaxation time constant is the average of 
the time constants of each component. The scatter of data pertaining 
to this relaxation time constant precludes any quantitative check of 
this result. However, most data points do fall within those of 100% 
polyethylene and 100% polypropylene as predicted. (See Figures 20, 


2h, and 31.) 
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The results of increasing interfacial contact points by placing 
the auxiliary clamps within the gauge length and using 80 mesh car- 
borundum as a keying material showed no apparent effect in the creep 
behavior of the 50 % polyethylene - 50 % polypropylene composites. 
The statistical spread of data does not appear to be affected in any 
way as may be ascertained from comparing the data in Appendix A. The 
effect of an increased number of specimens at 1000 and 1500 psi. 
merely increased the spread of the data without significantly skewing 


it in any Specific direction. 
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7. Conclusions. 

The simple laminated composites of polyethylene and polypropylene 
were prepared and the creep behavior was measured. The parametric 
characteristics were determined by least squaring the data. These 
characteristics were compared with those predicted by theoretical 
analysis and were found to agree quite closely with the predicted 
results, ie., the creep behavior was a linear function of the properties 
of each component and its relative volume. 

This investigation provides conclusive evidence that a combined 
mathematical and experimental approach in determining the relative creep 
behavior of composites is a powerful tool. The basic analysis of the 
behavior of simple composites is a useful method of predicting creep 
behavior in the more sophisticated composite systems in addition to the 
conventional methods for ad hoc measurements. It is necessary, however, 
that a computer facility be available to the experimenter and that an 
empirical equation can be used to represent this behavior. 

The measurements which were obtained required total elapsed times 
which were too short for engineering purposes, but any further decrease 
in creep rate for longer times would have been due largely to the 
crystallization or strengthening effect as the material elongated under 
load. This effect was ignored as a first approximation even though it 
becomes quite apparent in the data. It is to be noted, however, that 
some polyethylene specimens broke outside the gauge length after one 
and one-half months under moderate stress. This failure appeared 
brittle in nature and occurred at the hole in the specimen. These 
failures would have prevented taking data for times greater than 


1000 hours. 
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The following recommendations are submitted for further work: 

(1) A higher order empirical equation be tested whereby two re- 
laxation time constants can be determined and an allowance for 
the crystallization or structure factor can be made. 

(2) Stress relaxation data be correlated with simple tension creep 
data to determine the interrelation through the relaxation 
mechanisms of the composites. 

(3) Other materials be tested which can be fabricated into true 
composites of known composition without the difficulties of 


structural change and poor adhesive properties. 
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APPENDIX A 


TABULATED DATA BY GROUPS 
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APPENDIX B 
FORTRAN 60 COMPUTER PROGRAMS USED IN ANALYSIS 
Two basic Fortran 60 computer programs were used in calculating the 
parameters AS through Ay, and comparing the data with the least squares 


fitted equation: 


l= AL + A 1 = exp( - At) : ee 


The first program called PROGRAM CREEP is a modification of a basic Least 
Squares program developed by Dr. W. Tolles of the Materials Science and 
Chemistry Department of the Naval Postgraduate School. The program is 
annotated by comment cards and needs no further explanation. The second 
program called PROGRAM CREEPDRW is a drawing program used to check the 
fitted equation with the data used. The off-line plotting subroutine 
J/-NPS-DRAW programmed by J. R. Ward of NPGS was available in the CDC 
160 Digital Computer System. Test data is included with each program 


for reference only and should not be used as actual data. 


*SYSL3WVeVd SHL 4O JLVWILS3S YNOA NIVLINOD - (9°%#T3S) LYWYOS - (S)ddYYD HLYNOS 
°OILVY WHY Y3SA371 SNIHOVW = WHY 
*SNSTAHLSA10d OL S3INddvV 1d35X3 dd¥ SV 3WVYS = 3dV 
"SNSTAdONdA10d SI HDOIHM N3WID3dS 40 V3SYHV IWNOILDVYS = ddV 
/ *SNIHDVW JO WHY Y3A371 OL G3IINddv¥ LHOISM AVO? = ILM 
(SSYNDIA JDIYSWNNVHd TV 9) 3005 NOILIVSISILNSGI = NNY 
(O*OTSESO°S6ATSOVILVWHOS GYVD AYIHL 
*Q3iNIYd 39 OL XIYLVW LNSIDISS309 SSISNVD OYSZ LON N3SHM OV 14 TIVNOIS = OI 
°Q3HIVSY SI SINSDYSANOD 
*SNOTLVYSLI SAISS3DDNS OML NI NISd3 NVHL SS37 AG SSONVHD TWWNAIS3SY 3HL JO 
SNIWA SAITLV134N S3SHL 4I *3SDN3S90NSANOD YOS NOTYSLIYD WY SV ASSN SI = T1Sd3 
SYUSLSINVUVd LNSGN3d30NI JO YSEWNN = JdNIN 
(3AO8V 33S) YSEWNN NOTLINNS = JON 
SLNIOd JO YSSWNN =SI 
Q3SIYVA 398 OL SYSZLIWVYVd 4JO YS8WNN =H! 
(GISXSGSZ7POTSTSE I SZISEISZIYLYWYOS AYVD ANED3S 
“ONINSSV1 YOd ASSN LNdLNO NO Q3DNdOYNd3y 3G WIM - AYWD Isyl4 
LNdNI 
*NOTLVYSLI 
Y3SLdV (OT)V SYSLSWVaVd SHL 4O S¥ONNS SH!L 4O SSLVWILS3S SHL SNIVLNOD (0T)3 
Q3LVINDIVD GNV ((002)2) A3SANSSEGO N3SML3G Z3ONSYSSSIG SHL SNIVLNOD (002)% 
*ADVYENDIV JIBVNOSVSY HLIM SSATLVAIYSO IVDIYSWAN SVL AVW WYY9DONd 3H!L LVYHI OS 
(OT)V SY3SLSWVYVd SHL YO4 SINSWSYONI SHL 4JO SQNLINOVW SHI SNIVLINOD (OT) YONIS 
*(SYSLIWYUVd 
LN3GQN3d3qd Q3SANSSEO SHL) NOILDNNA SHL 4O SANIVA ASAN3SSO 3SHL SNIVLNOD (002)7Z 
*S3SISVIYVA LNSQN3d3ONI SHL NIVINOD (002)9X AGNV £(002)98X *(002)xX 
°GQ3SI1YWA 39 OL 3YV HDIHM SYHSL3WVEVd SHL SNIVINOD ( T)¥ 
--ONINVSW ONIMOV104 SHL SAVH SAVYYV IJSNOISN3SWIGC SHI 
°(3NO0 36 OL SGOfF IVYHSASS YOd) LIS 38 OL JUV 
SNOTLINAS IWYSASS NSHM WVNODONdENS NOS SHL 4JO SLYWd LNSY3SSSI0C OL ONTHONVUS 
YO3 Q3SN - YSEWNN NOILOINNA ZSHL SI SON (X ATINO 3SN OL HSIM AYW NOA) SYSL3IWVEVd 
INSONSd3SGNI S33SYHL SHL 3SYV DX GNV *EX *XK GSYVNOS sSYowNS 4O WNS SHL SZIWINIW 
Ol SY HDINS GSIYNVA 38 Ol SYSLIWVYVd FHL SNIVINOD ONY OT GSNOISN3WIG SI Y 
"aQ3yNVNOS LSV31 38 OL NOTLONAS SHL 3SLVINIIWWSD OL WYYNODONdENS NOTLONAS SLIM 
d33uD> WVYN90dd 
VW GYVMOH*S O€90EOF ° ® 


YVUUYUVYUUVYGVYUVUVUUUUVYVUVUUVUUVYUVUUUUUUUVUUUUUUVU YU 


56 


96 INIUd 
60T INIUd 
(TVISdS*SdNINSSONSSISUIT) *80T INIUd 
LOT INIYd 
60T INI Ud 
90T INIYd 02 
SOT LNIUd 
VIUV/WEVelLM=SS3IuLS 
VIYUV/3adV23dlId 
VIYV/ ddV2zddlod 
JdV+tddV=V3IuNV BT 
*OOOT/(1)Z2=(1)2 TT 
SI*T=I TT OQ 
(SI*TtT = I *€CI)X) *€0T GWEN 
(SI*¢T=I1¢(1)7)9*20T Ov3ay 
(YIST = IT *(T)YONTS) *TOT away 
(MIST = JT *(T)V) *TOT Gv3ay OT 
WHVS SdVSddV*SLMSNNY £66 GW3N 6 
640024002 (YT) ST 
OTS TISd3*dNINSSONSSI SUI *O0T AV3Y 
90T OV3u T 
(OT)3S #002) YT 
*(OT)IYONIS *£(002)2 *(002)DxK *£(00Z)GxX *(00Z2)X *(0T)V NOISNIAWIQ 
*JNITLINOY dOLlS OL LNSTIISAINS 
SI gOr 1SV1 Y¥31dsvV SQYVD ANVIG TWY3SA3S SNHL *(INdNI GYVD GNOD]3S) 
Yl YOS OY3SZ V SGV3IY LI NSHM SdOLS WVY9ONd SHL —- G3LLIWe3Sd SI Sor 4O ONIYDVIS 
*WVYDONd STHL NI SINSWSLVLS LNdLINO/INdNI 3O 3DN3S@V 3H1 31LON *S3TNGVIYVA 
INJON3dSONI QUYTHL GNV GNOD3S SHI *(1)5X GNV (1)8X NIVLINOD GONV “ALINN-A 
NVHi YslV5SuN9 SI dNIN 4I ATINO NI GV3YN 3YV (S)GYVD HININ GNV (S)0yNvVD HL9T3 
*JISVIYVA LNSZOQN3d30NI ItSUI4 
JHL JO SSANIWA SH1L YO *(1)X NIVINOD - (SG*°OTSL) LY¥WHOS - (S)G0NVD HINZARS 
*SAJIBVIYVA LNZON3d30 
*Q3AN3S8O SH1L YO *(1)Z NIVINOD - (T*°SS47T) LVWYOS - (S$)0NWD HLXIS 
®SATLVAIYSAG WOITYSWAN ONINIVIEO 
YOS (OT)V JHL YOS SINSWSYONT SHL NIVLNOD - (9°9T3S) LVYWHOS - (S)duWD erate 
) 


51 


YVUUVYUVUVUVU UV UUVUY 


(3dlod 


ddiod 


SS3AYLS 


‘Si*T 


Col? tk 


Carey 


(SI*T 


(SI*T 


(YIST 


(O143*YUS SONS ONNS YLIONS 11Sd3* MONT 44 24D KS AXE KSV SST SUT LSW3T WIV) 


NAY HS7) 1VWYO4S 96 
Tt OL 09 
= 1 *(1)Y) *€ZT LNIYd 
601 LNIUd 
Z2T LNIUd 
60T INIUd 
OMY *YLION *TZ2T LNIUd 
601 INIUd 
= I *(1)3) *O2T LNIUd 
60T LNIUd 
#21 LNIUd 
60T INIUd 
= I *(1)V¥) *OzZT LNIUd 
601 LNIUd 
61T INIUd 
60T INIUd 

O€ 
60T LNIUd 
= 1 *(1)X) *9TT INIMd 
60T INIUd 
GTI INIUd 
60T INIUd 
= I] *(1)Z) *#TT LNIMd 
60T INIUd 
ETT LNIUd 
60T LNIUd 
$(1)YONIS) *STIT LNIYd 
60T 1INIUd 
ZIT LNIYd 
601 LNIUd 
= 1 €(1)V) STITT LNIYd 
60T INIUd 
OTT LNIUd 
60T LNIUd 
INIUd 


3Ad1ldd*ddlId*SS3Y¥LS*NNYS 16 


60T 


INI&Yd 


58 


JO SIN|SWSYDNT JO AVENV SI YONIS °ILNSQN3d390 Z *371GVINWA LNSONZdZONI SI X 


*“SYSLAWVYVd 4O AVYUW SI V *SINIOd JO °ON = SI *SUu3L3WVYWd JO 


“ON = UI 
(OIT 


“3° YS JON SONNSULIONS T1Sd3* YONI SS 749K S QXe KXSYSST SYI)ISV3T ANILNONENS 


ONS 
dO1lS 002 


((NOTLVIA3ZO T 


QYVONVIS) JYV YAL3IWVYVd HOVE NI YONNS JHL JO SSLVWILS3 H99) 
(S*°2T36* HT) 
(3uv LI3 1S3@ 3HL 4O SANTVA G3LVINITWD SNNIW G3AN3SHO HES) 


LVWHOS YCT 
LYWYOS E2T 
LVWHOS ¢cZT 


(9°CT3* = MON SI SuONeRS ZHI JO S3T 


YVNOS SHL JO WNS JSHI1L HOS*ZI* = SNOTIVY3LI 4O Y3SEWNN HZ) 
(OT°LTSL*S HT) 

(Juv SYSLIWVAVd SH1L JO SSNTVA 195398 BHI HBE) 

(9°%T3S* HT) 

(JYV SAIGVIYVA IN3SGN3d3SONI 3HL HOE) 

(9°%T3S) 

(29vV Lid 38 OL SANTIVA G3AN3SEO SHI HE) 


Juv SSATLVAIYSG IDIYSWAN ONINIVIGO YOS SINSWSYDNI BHL HSS) 
(9°7T3S* HT) 
(Juv NI Gad SyaL3IWVeVd SHI H9Z) 
( HT) 
(2 °OLSSXCES CIS XGT* ZL ORL tcl #xe7* cP gs 
(NO1ISd3 YVA d3SGNI JO Y3AEWNN 
NOI LONNS SLNIOd JO YABWNN SYSLIWVYVd JO YSEWNN H86) 
( 
HOS) 
(THT) 
(6° 6.047) 
(T°SS4T) 
(9°#T3S) 
(GIS XSGSG*SZ°OTSHT SEI SZIS EI SZ) 
(O°OTSESO°6ST S9V) 
(o°2T4ce*2*TTsa*9ovexy) 


ivw4os ZT 
LVWYUOS OZ2T 
LVWYOS 6TT 
LVWYOS OTT 
LvWwHuOd STT 
LVWNOS HTT 
LvWwYuod CTT 
(T 
LVWHOS CTI 
ivwaos TIT 
ivwuosd ott 
LVWHOS 60T 
LVWHOS 8OT 


YIGWAN T 


ivwuod Lot 
T 
LVWHOS 90T 
LVW4Od SOT 
LVWYOS COT 
LYWHOS ZOT 
Lvwuod TOT 
LVWYOS OOT 
LvWeOs 66 
LVYWUOS L6 


B) 
a 


59 


(Y3Nf Tdd*dGs*Oe-J00* TSYI) ESSNVD WIVD 


(FSV IGe(MSTILGF(C ST) dd = (F4IT)dg 9E 
SI*TtT = AX 9E OA 
0°0 = (f*I)da 
P YI*T = FF 9E OA 
YI*¢TtT = I 9€ OA 
(F°TIG = (I*#PILG@ GE 
YI*t = fF SE OA 
SI*t = I S€ Od 


JANILNOD €€ 
(€°OTSTT® HT) LYWHOS ZOT 
(ST*T=F S(TSFI0) S20T LINIUd ZE 
YI*T=I ce O@ TE 
Te*ce * Te” (Ores 
(FYYDNIASCLSNOD-(FST)0) = (FETI0 O€ 
YI*t = fF O€ OG 
(SONS CTIIDKS(CTIGXECIIX*S VINO = LSNOD 
SI*Tt = I O€ OQ 
JANILNODS O22 
(FYYONES-(FOV = (FY 
(SONS (CTIDXSCTIOXS(CTIXSVINGOS = (F4T)0 ST 
SI*T = I ST OG 
(CVYONTAF(COV & (FY 
Yr *T = F O22 OA 
T + ULION = YLION OCT 
VOTSOETSOET (6-YLION) SI G2 
(AONS CTIDXS CTIGXSCTIXSYINOG - (192 = (TY 02 
SI*t = I O02 OG 
O = YULION 
( T)i32 
*(OTSOT Idd S(OTSOTIIdG *(0TISA *(0T) 130 *(0072*0TI1G *(O0TS002Z)0 *(OT 
OZ)Y S(OTIYINIA £(0072)2Z £(002)9XK *£(007Z)8X £(002)XK *(0T)IV NOISN3WIQ 
*SUaFLSWVSVd SHL NI SdONNR GSLVWILSS 4O AVUENV JHL SI 3 
*-NO3 NI N3SN NOITLONNS SJHL 40 Y3SEWAN SI JON 
*SIWNGISSyY JO S3AyVNOS JO WNS = OYY (OT OL df) AAHYINOIY SNOTLVYSLI 
JO °ON SI YULION “*NOTYSLIYD YOUNS —IWWNOTLIVYS- SI TWISd3 *SeaLAWVeVd 


60 


VUIUYU 


GN3 

NYNLIY 

(CTSTS#WNS)/ONNIALYOS = (173 
CHeHE(ISFIGtWNS = WAS 

SI*T = fF OWT O00 

0°O0 = WNS 

YI*T = I OST OA 

T-SI = TSI4 

(YVINONIS XIYLVW HOT) LYWHOS 
TOOT LNIUd 

OOT OL O09 

(SYNTIVS JDNSOYNSANOD HOZ) LYWHOS 
TOT LINIUYd 

SGZ*OOTSOOT (S3YD) JI 

OWY = dy 

dyyx11Sd3 - (d¥u-ONN) 4SEyY = $3ydD 
THE( IT) Y+ONYN = OY 

SI*tT = I OS OQ 

0°O = OMY 


(SONS (TIOXS CEIGXSCTIXSVINOG - (1)Z = CIDY 


SI*T = I O2€046 

(1) 730¢+C1T)V = (Ty 

YI*tT = I OT O@ 
(TVSe(F*TIL04(0199730 = (1)730 
SI *t = fF OTT O@ 

0°O0 = (1)73¢ 

YI *t = I OTT OG 

JANTLNOD 

(T)SsQ = (IS7)L0 

YI*T = 1 6€ OG 


(Tey) Ld#( ASC) ITda+(r Sa = (f7)Sa 
YI*tT = 4 BE OG 

0°0 = (fF)Sd 

YI*T = F BE OA 

SI*T = I OF OG 


OcT*le*OeTt (T-a¥3ay) SI 


OST 
Ov7T 


OOT 
TOOT 
O2T 


TOT 
7OT 


0S 


61 


OZE 


OT 


OTT 


0+ 
6€ 


GE 


LE 


SINNILNOD 

(TO TIXHOTLVY-— (FEW IKE EW 
N*T=f S€ O@ 

(CS VIVROTLVU-( PF fd v=el(rewdy 
N*Tdl=f €€ O04 

CVS VIV/C TEX) V=OTLVY 
ZCESOESZEC(TWWVISI 

N*Tdl=% 9€ OG 

T+72Td4 

HE SHE TE (N-T1) ST 

0€ 40S £0G(d3—((1°1) VV) dS8Y) SI 
Z=(f4da)YX 

(TS dd IX=E(L ET) 

(791) X=7 

N*T=f GT OG 

Z2=(7F4°dWV 

(74 dddV=e(re dy 

(FSV) V27 

N¢ ls wt O@ 
O2*O072* ETC dA-1) SI 

INNILNOD 

Azd¥ 

(C149) VI4AS8V=7 

CTSSTS TT (C01 dV) SS8V-Z) SI 
N¢=4 2T Od 

0°0=7 

=zd¥ 

N¢T=1 ¥€ 0G 

O° T=(MOW)X 

N*T= 2 OG 

O°O0=(F4I)¥ 

N*Tt2=f T O@ 

N*T=I T OQ 

(OTSOTIX *(OTSOT)IV NOISNIWIO 
(YAIAS XS Ysd3a*NIESSNYVDO INI LNoYsNs 


9€ 
SE 


i 
ae 
TE 
O€ 


02 
ST 


7T 


€T 
ct 


TT 


42 


GO LOTSEC Tl Ceels ECBBy CEBSC L996T Sel 


70 G8 9 Gt 1999¢ ECESl T 1999 
cO G L914 Scere Ge L99T BBET TIttt 
TO Eee 769 9SS Lt” BL2 6eT 9S 


€9S €1S Ol” 264 LIv O6€ S9E GEE STE S82 242 GS2 822 OTZ2 
B6T 26T YB8T SLT 29T 8ST OST Get 2hT BET TET g2t ct OTT 


OS 

6%00 
84700 
L700 
9700 
S¥00 
7700 
€+00 
2400 
T1700 
04700 
6¢00 
8€00 
L¢€00 
9€00 


XH CVV OXH (EW) ddX3—-9 TD (7 40 TV ENOZ 


fCSCET (°OOE-XH(E)Y) JI 
(OT)V¥ NOISN3WIG 
(4ONS DX SEXSX*VINOI NOTLONNS 


ONS 

NaNISy 

czy 

NUNL3IY 

T2434 
(IISTIIV/(S-(FSTT X= (FeITI XK 
(CSAVKeCNS TTY S2g 
N*TdII=4% 24 OG 

I+ letdli 

EHS Cus TH(N-TI) SI 
0°02S 

N*t2=f €H OG 
I-T+Neal I 

N*T=I €% OQ 
INNILNOD 


S0-30°02 = Ogat €0-30°02Z - €0-3 °ST 
GO-30°T SG 30°T SO-30°T GO-ae °T 
cS °9T TET” wT ° 6°72 STAVE 
7-J30°T tT T 82 ¥ 
d33YD WVY9DONd °*V°W *QYVMOH VIVG JIdWYS is3l 
QN3 
ONS 
NYNLsY € 
X#(7IV4+(2IV+(TIV=NO”" Z 
€ O1 O09 


0S 


€¥ 
c% 


Te 


0% 
WE 


63 


JANTINOD € 
M+(T-1T diel I dy 
002*2=!I € OG 
O0°O=(T)I 
°0072/XVW1L=y 


JNNILNOD 2 
ISNOD/(TL0=¢1)18 


LI*t=I 2 OG 
JNNILNOD T 

LSNOD/ (TI Ld2=(I)id 

SI*‘t#I T OG 

8*v*9% INTUd 
(€°7T3%) LYWHYOS 92 
(C1LVAIVWHOS GZ 
(S°OTILILVWHON 72 
(T°S4HTILYWHOY €2 
(Z2°oT Say) LYWHOS 22 
(O°OTSTSSIZ90°SGST) LVWYOS TZ 

(LISTHIS(I KOS He GV3IY 

(LIST#IS(1II10)9*%E€¢C GV3IY 

(ST*TsIS(1)Xd)*%2 AVSAY 

(SIST=IS( I) 1ld)se2 avy 

(7*TxI*(1)8)*22 AV3Yy 

(HST=re(T)ywi*ec avay 

ISNODSLISSTSXVWLIT2 AVS" 

(O00Z) 15 (0072) GAS (OOZIVAS (LOEIAS(OEINE (0E) 04 (OE dS (06) XAT 

©(06)Xd* (06) L0S( 06) 1LdS (2TISTILILIS(Y)GS(4%) VY NOISNIWIO 
*MVYQ-SdN-ZF NI GNNOS 3YXV ANI LNOYANS MVYG 4JO SIN3SWNONV YSHLO ANY JTLILI 
°O00T STIVNOS WivVd 1S31 YOd ANV ILNANI 
ASATTAWIS OL AINO S3SAMSS LSNOD °ATSATLI3SdS3IY LO AONV td OL ONIQNOdS3YYOD VIVA 
SJWIit Suv XO GNV Xd *WlVd dO SLAS OML YOS VIVO NOILVYONONS 3yuv LO ANY Id 
*d33yuD WVNDONd NI VIVO 40 SL3S OML YOS ANNOS SUSLAWVUVd 3YV 8 ONV VY 
°VLVO SATL9D39dS3I4 NI SINIOd 4O °ON 3u4v LI ONV SI *3WIL 40 SNTIVWA XVW SI xXVWL 
*NOTLVNOS G3LLIA JHL HLIA Vivwd JO SL3S OML JYVdWOD OL G3SN SI WwvYdONd 

MY0d335yuD WVY90Nd 


VVYUVUVUVUVUY 


VW GYVMOH* O€90GOr °° 


Qu 


(ISVTSTSST 984949404089 OS *OSFTLILI SO T9GVTSOS TS 1S VAS 00Z)MVEG WIYD 
XIS H8=(6)351LI1L1 

dd/3d 4HB=(8)STLIL1 

O d33uD HBK(LIZSTLILI 

VWHB=(ZISTLILI 

GUVMOH HBx(TISILILI 


aS HY =138V7 

SANT LNODS 
H@=(TISILILI 
ct*t=I 9T OG 

JANI LNOD 
(T)XO=2x(1)A 
(1)108(1)8 

LI*Tt=I #¥T OQ 

St OL O9 

JANI LNOS 
(T-T#Z)XO=a( TDA 
(T-Te#Z)L02(1)8 
O€*T=I Zt O@ 
ETSETSIT(LI-0€) AT 
JNNILNOD 
(I)Xd=tI)a 
(T)idelIdd 

SI*T=I 6 OG 

OT OL O09 
SJANTLINOD 
(T-1#Z)Xd=a( 1a 
(T-Ile#Z2)idslIdd 
O€ft=!I 2 OQ 
8*BS9(ST-O€)SI 
INNILNOD 
(CIVLSAG)NOS=(1)GA 
O02*T=I S OG 
JANTLNOD 

(CTV LSVINOSACTIVA 
O0c*T=I 4% 0@ 


91 


7m 


65 


020 

6T0 

8TO 

LTO 

ule 

OT 

70 

£€0 

Z€0 

Te0 

6T 

eT 
STAVE 
STOVE 


££ 66L 
L9C6% 
csotl 
£eee9 
679 LH9 
STS O84 
€BETB 
£BBES 
€BECC 
L99TL 
9€L wel 
829 Sls 


(IiSVTSTSST#8494040*0S 908° 


(1SV145T4S6T#849 4940405 * OS ° 


GOLL S6écl 
tevly SSZE 
L9T29 19964 
LEECY Gt 
T¥9 6€9 9€9 +29 
794% Cer OT” B88E 
LOTL6L E€LVol 
GO06% LOTeLY 
L9B0T 9 
L999% € 
O2L 912 wtL OTL 
7S %LIS BLH 2S4 
60-399° 12 
GO-3E8B °C 


LO80OL 
ECTOE 
19962 
19992 
0c9 €T9 
T9E 2@HE 
ct€lZ7l 
CLECE 
Sly 
L99T2 
L169 
Le» 
386° 
396° 


€69 
C6E 


MYQd3394D WVEDONd ay 


L9T689 S€ELs TS 
Geld L642 9€2 
G02 ELECT EELEs6 

ELest T 1999 

809 68S 28S 1S L9G €9¢ 

Oc€ OTE B62 O82 862 THz 
S90L L189 ECETLS 

1917662 Celtic LOTLVZ 

Gl2 CeEsTl L9T¢T 
LO99T T 1999 
989 189 lS69 849 6€9 TES 
S9E SwE BCE STE 862 812 
€0-39%° 62 CO~-3LE°ST 
CO-AC6°TE £0-378°¢e 
oooT 82 82 £8 
°W QYVMOH VIVO 3IdWvYS {S31 
ONS 
ONS 
NINLAY € 


Xe lHIVFCZSIV+(TIVENOS 2 
£ Ol 09 
Xe VV+ (XH (EVV) ddx3—9 Tle (ZIV4(TIVENDZ T 
C#C#T (CP OOE-XH#(E)V) ST 
(7)V¥ NOISN3WIQ 
(X*VINOA NOTLONNS 


GN3 


1SV1°S2 INIYd 
SJITILILISTABV1S ZS ESASOS OE MVYD T1VD 


SIILILISVIAVIST SZ SNS dt OE) MVYO W1V)D 


ISV1 *S2@ INIUd 
H8=1398V9 
L1SV1 *S2@ LNIUd 


(ISV 1S TSSG6T 48404050904 OS POSSFTLILI S 190V790* 24 149AS00Z) MVE WIV> 


isv7 


‘cc INIYd 


>) 


APPENDIX C 
SPECIAL EQUIPMENT 

Viscoelastic studies of materials require many sets of data with 
long time scale measurements. This necessitates the availability of 
many independently operated measuring devices. This requirement led to 
the design and construction of additional Creep machines operated by 
a simple lever arm device for loading and a series of ball and socket 
Swivels with turnbuckles for varying the length and size of specimens 
used. Figures 39 through h2 are pictures and drawings of the constant 
load Creep machines designed and built in this project. 

Additionally, since stress relaxation measurements are necessary 
in characterizing the viscoelastic properties of materials, a multiple 
capacity stress relaxation (constant strain) machine was designed. 

This machine is still in the design and construction stages. Figure 
43 is a drawing of the machine. 

A necessary item in the measurement of creep and relaxation data 
is the measuring device and recording equipment. The potential advan- 
tages of automatic recording of electrical signals made it desirable to 
use conventional wire strain gauges. However, their very limited ex- 
tension capability and the requirement of attaching them to the specimen 
made it necessary to fabricate a special fixture to increase their 
extension capability. Figure is a schematic of the clip-on elec- 
tromechanical extensometer devised. It consists of a phosphor bronze 
blank, bent to the dimensions seen, with two BLH SR-l type A-5-1 strain 
gauges attached as shown in Figure 5. The use of a simple aluminum 
frame and rubber bands serve to clip the extensometer to the specimen 


as show in Figures 6 and 7. The attached strain gauges serve as one- 
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half of a Wheatstone bridge and when connected as seen in Figure h8, 
can be calibrated to give a signal proportional to the strain in the 
specimen. The relationship between the strain at the center of the 
face of the clip gauge. and the elongation between the feet of the clip 
gauge is seen in the following analysis. 

Figure 9 is a schematic drawing of the blank used in the clip 


gauge. Marin and Sauer [12] show that the total axial strain on the 


blank is: 
_ (Hil? es Se 
4) s- [He] [2+ + od 


where A = cross-sectional area of the blank (bd) 


I = moment of inertia of the area (bd?/12) 


E = modulus of elasticity in the blank. 


The unit strains at point P (where the SR-l, strain gauges are centered) 


ares , 
ae, rab ' om o£, (1 * 4) 


Placing the value of H from Equation 1 into Equation 2, gives the fol- 


lowing relation: 2 
) A) (4 #8) 
Ceca cee fh) eRe 
‘i A, GTi e Ss F) 
If the strain gauges are placed in series as in the Wheatstone bridge, 


the measured strain is given by: 


(ht) € = 6-6, = Z/€,| amas 
The completed clip type extensometer was tested for linearity and 
hysterisis on a device similar to Figure 50. The calibration curve is 
shown in Figure 51. A modification of PROGRAM CREEP given in Appendix B 
will readily convert the mv output of the Wheatstone bridge into strain 


in inches per inch. A simple block diagram of the complete recording 
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system for Creep data is given in Figure 52. A similar diagram for 
the control and recording system of the Stress Relaxation machine 


is given in Figure 53. 
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FIGURE 40 ELEVEN NIT GREE? 
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FIGURE 41 LEVER ARM ASSEMBLY 
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FIGURE 42 VARIOUS SPECIMEN HOLDERS 
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FIGURE 43 FIVE UNIT STRESS RELAXATION 
MA CHINE 


(2 


Side View 








FIGURE 44 CLIP GAUGE EXTENSOMETER 
(DIMENSIONS) 





FIGURE 45 GLIP GAUGE EXTENSOMETER 
(COMPONENTS) 
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FIGURE 46 GLIP GAUGE EXTENSOMETERS & 
BRACKETS 





FIGURE 47 CLIP GAUGE EXTENSOMETER 
ATTACHED TO SPEGIMEN 
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FIGURE 48 CLIP GAUGE EXTENSOMETER 
WHEATSTONE BRIDGE CIRCUITRY 





FIGURE 49 CLIP GAUGE EXTENSOMETER 
THEORETICAL ANALY SIS SCHEMATIC 





FIGURE 50 EXTENSOMETER CALIBRATION 
DEVICE 
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FIGURE 51 CLIP GAUGE EXTENSOMETER 
CALIBRATION CURVE 
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FIGURE 52 CREEP MEASUREMENT CIRCUITRY 
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